Each subunit of the Xenopus nucleoplasmin polypeptide possesses a single nuclear location sequence, the boundaries of which have been determined by deletion analysis. However, the sequence identified in this analysis is unable to locate pyruvate kinase to the cell nucleus. Further investigation revealed that while this sequence element is not sufficient for nuclear localisation, it is a necessary feature of slightly longer sequences which can locate pyruvate kinase to the cell nucleus. This unusual feature of the nucleoplasmin sequence suggests testable models for the interaction of this sequence with the transport mechanism, one of which is discussed here.
Introduction
The recent advances in our understanding of the transport of proteins into the cell nucleus have come mainly from the study of two proteins, Xenopus nucleoplasmin and SV40 large T antigen.
Nucleoplasmin is the most abundant protein in the Xenopus oocyte germinal vesicle. Studies of transport with this protein revealed that: (1) uptake occurs by a selective entry mechanism (Dingwall et al. 1982) ; (2) transport occurs through the nuclear pores (Feldherr et al. 1984) ; (3) transport can be studied in vitro in reconstituted nuclei and requires ATP (Newmeyer et al. 1986) , and (4) transport occurs by a two-step mechanism, rapid perinuclear association being followed by slower translocation through nuclear pores (Richardson et al. 1988; Newmeyer & Forbes, 1988) .
In the case of SV40 large T antigen it has been shown that: (1) mutation of a single amino acid abolishes transport into the nucleus (Lanford & Butel, 1984; Kalderon et al. 1984a) ; (2) a short sequence of amino acids can efficiently locate a normally cytoplasmic protein to the cell nucleus (Kalderon et al. 19846) , and (3) this sequence in the form of a peptide can locate a protein to the cell nucleus when cross-linked to the surface of another protein (Goldfarb et al. 1986; Lanford et al. 1986) .
Therefore, the studies with nucleoplasmin have provided a wealth of biological information, while the studies with SV40 large T antigen have revealed in great detail the remarkable transport properties of a short sequence of amino acids.
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Recently we have embarked upon a detailed analysis of the nuclear location sequence of nucleoplasmin (Dingwall et al. 1988) in an effort to link the cell biology and the sequence data, and to determine whether sequences in the nucleoplasmin molecule which resemble the SV40 large T antigen nuclear location sequence function as nuclear location sequences in nucleoplasmin. We have shown previously (Dingwall et al. 1987 ) that the 'tail' region of nucleoplasmin which is necessary and sufficient for selective entry into the nucleus has four short sequence motifs that resemble sequences that have been shown elsewhere to confer entry into the nucleus. In particular, there are two sequences which resemble the SV40 nuclear location sequence and one of these differs from the SV40 sequence in only two amino acid positions. The exhaustive mutational analysis of the SV40 large T antigen nuclear location sequence revealed that neither of these amino acids is essential individually for transport into the nucleus (Smith et al. 1985) . Despite this close similarity, we have found that none of these sequences can direct pyruvate kinase to the cell nucleus (Dingwall et al. 1988 ).
Here we review the deletion analysis which indicates the presence of a 14 amino acid sequence in the nucleoplasmin 'tail' region, the function of which is dependent upon the immediate sequence context, and discuss a model for the interaction of this sequence with the nuclear transport mechanism.
Results
Deletion analysis
We and others (Dingwall et al. 1988; Burglin & De Robertis, 1987) have shown that a single sequence capable of locating a protein to the cell nucleus lies between amino acids 149 and 176 of the nucleoplasmin polypeptide. A series of deletions from the ends of this sequence were generated and tested for their ability to direct chicken muscle pyruvate kinase to the cell nucleus by linking the corresponding DNA fragment to the carboxyterminal end of a pyruvate kinase cDNA molecule in the vector system used to characterise the SV40 large T antigen sequence (Kalderon et al. 1984b) . The amino acid sequences of these deletions and the subcellular locations of the corresponding protein are shown in Fig. 1 (see Dingwall et al. 1988 , for immunofluorescence data).
Deletion of sequences from the amino terminus of this region (amino acid 149) reveals that amino acids 156 (arginine) and 157 (proline) are needed for nuclear localisation (Fig. 1) . However, one deletion (pPK-Al) removes lysine residue 155 but it is replaced by an arginine residue encoded by the DNA segment linking the nucleoplasmin to pyruvate kinase, thereby preserving the presence of two basic residues at this position. This fusion protein is located in the cell nucleus. In the next deletion mutant (pPK-A4) only one basic amino acid remains and this protein is located in the cell cytoplasm. We suggest (see below) that the significant point revealed by this deletion analysis is the importance of these two basic amino acids.
Carboxy-terminal deletions show that only part of the four contiguous lysine residues is necessary for nuclear location. This tract of lysine residues constitutes part of the sequence showing greatest similarity to the SV40 large T antigen nuclear location sequence. In the case of nucleoplasmin, removal of the most distal lysine residue 170 (pPK-A159) does not abolish nuclear localisation, while removal of the remaining three lysine residues (pPK-A190) does. This analysis suggests that a minimal sequence defined by the deletion mutants pPK-Al and pPK-A159 would be sufficient to locate pyruvate kinase to the cell nucleus. Surprisingly we found that this was not the case (Fig. 2) . The failure of this sequence to locate the fusion protein to the cell nucleus was not due to linkage of the nucleoplasmin sequence 'out of frame' with pyruvate kinase, as the same result was obtained when the sequences were linked in all three reading frames. We restored nucleoplasmin sequence to this proposed minimal sequence (Fig. 2) and found that restoration at either or both ends generated sequences capable of locating the fusion protein to the cell nucleus.
This analysis reveals the surprising fact that a proposed minimal sequence defined by deletion analysis constitutes a necessary central element in sequences which are able to locate a fusion protein to the cell nucleus. Notably, these sequences have a periodic structure in which three basic tracts are separated by two sequences of four hydrophobic residues. These features suggest models for the interaction of this sequence with a putative receptor in nuclear transport. We would like to consider one here, although other models can be proposed and are discussed elsewhere (Dingwall et al. 1988) .
Model for sequence recognition
In this model we have assumed that nucleoplasmin interacts with some receptor in the transport mechanism through the sequence identified in the analysis described above. This model is one possible explanation of our findings and makes no assumptions about the nature and properties of the receptor. We have chosen to emphasise the basic regions in the nucleoplasmin sequence because of the frequent occurrence of positively charged amino acids in a number of nuclear location sequences (reviewed by Dingwall & Laskey, 1986) . These groups of basic amino acids are thus envisaged to form three binding domains which interact with corresponding sites on a receptor molecule (Fig. 3) . The termini of the proposed minimal sequence (pPK-Al/pPK-A159) lie within two of these domains labelled A and C in Fig. 3 . Deletions from either the amino terminus (pPK-Al) or the carboxy terminus (pPK-A159) that partly disrupt binding of these domains can be tolerated (that is, lead to nuclear localisation), if the other binding domain is intact (pPK-Al or pPK-A159 in Fig. 3) . However, in a molecule where both domains are partly disrupted (pPK-Al/pPK-A159) the combined weak binding at both sites is insufficient to promote nuclear localisation. Complete loss of binding of either domain as in pPK-A4 and pPK-A190 abolishes nuclear localisation. Replacement of nucleoplasmin sequences at either end, or both ends of the minimal sequence restores full binding at one or both sites respectively and hence restores nuclear localisation. We are currently unable to say anything about the contribution of the basic residues in the centre of the nuclear location sequence but we are constructing point mutations throughout this sequence to determine the precise contribution of individual amino acids to transport. 
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